Seed development is an intricate process regulated via a complex transcriptional regulatory network. To understand the molecular mechanisms governing seed development and seed size/weight in chickpea, we performed a comprehensive analysis of transcriptome dynamics during seed development in two cultivars with contrasting seed size/weight (small-seeded, Himchana 1 and large-seeded, JGK 3). Our analysis identified stage-specific expression for a significant proportion (>13%) of the genes in each cultivar. About one half of the total genes exhibited significant differential expression in JGK 3 as compared with Himchana 1. We found that different seed development stages can be delineated by modules of coexpressed genes. A comparative analysis revealed differential developmental stage specificity of some modules between the two cultivars. Furthermore, we constructed transcriptional regulatory networks and identified key components determining seed size/weight. The results suggested that extended period of cell division during embryogenesis and higher level of endoreduplication along with more accumulation of storage compounds during maturation determine large seed size/weight. Further, we identified quantitative trait loci-associated candidate genes harboring single nucleotide polymorphisms in the promoter sequences that differentiate small-and large-seeded chickpea cultivars. The results provide a valuable resource to dissect the role of candidate genes governing seed development and seed size/weight in chickpea.
INTRODUCTION
Seeds, besides being the progenitor of the next generation, provide human and animal nutrition worldwide. Legume seeds are rich source of proteins, carbohydrates and oils in the human diet. Seed size is an important agronomic trait related to yield potential and is an important trait in legumes. In legumes, seed development initiates with embryogenesis (cell division) after double fertilization followed by seed maturation (seed filling via accumulation of storage macromolecules) and desiccation. In dicots, cotyledons represent the major nutrient storage organ of the seed, as the endosperm is almost totally resorbed at the initiation of seed maturation. A comprehensive understanding of molecular mechanisms regulating various aspects of seed development is required to facilitate the development of new varieties.
Seed development is a complex trait controlled by multiple biological processes/pathways. High-resolution transcriptome studies in model/crop plants have provided some molecular insights into pathways and networks along with their interactions that are involved in several aspects of seed development (Le et al., 2010; Jones et al., 2010; Belmonte et al., 2013; Sreenivasulu and Wobus, 2013; Becker et al., 2014) . The molecular mechanism underlying seed size has also been elucidated to some extent in a few plants (Li and Li, 2016) . It has been demonstrated that carbohydrate partitioning, supply of photoassimilates and rate of accumulation of storage compounds during early stages of seed development are very important in determining seed size/weight (Borras et al., 2004 (Borras et al., , 2009 Weber et al., 2005; Gambin and Borras, 2010; Zhang et al., 2013) . In addition, hormonal signal transduction and epigenetic mechanisms/imprinting have also been characterized as key regulatory mechanisms that determine seed size (Schruff et al., 2006; Xiao et al., 2006; Sun et al., 2010; Locascio et al., 2014) . A positive correlation between cell number in cotyledon and mature seed size has been reported in legumes, such as pea and soybean (Egli et al., 1981; Lemontey et al., 2000) .
Chickpea is a nutritionally and agriculturally important legume crop plant. The accessibility to transcriptome and draft genome sequences of chickpea (Garg et al., 2011; Jain et al., 2013; Varshney et al., 2013) along with nextgeneration RNA sequencing (RNA-seq) technology provide an opportunity to reveal genetic diversity among various genotypes/cultivars, specifically those with important agronomic traits. A few transcriptome studies have been performed to understand the flower development and abiotic stress responses Kudapa et al., 2014; Garg et al., 2016) . However, no such analysis has been performed to dissect the molecular mechanisms underlying seed development and/or seed size/weight trait in chickpea. Seed size is an important end-user quality parameter of chickpea. Large seed size of chickpea is highly desirable to fetch higher market price. Although huge variations in seed size have been observed among chickpea genotypes, this phenotypic variability could not be harnessed to improve seed size in important chickpea cultivars due to poor understanding of molecular mechanisms underlying this important trait. Recently, a few quantitative trait loci (QTLs) and candidate genes involved in regulation of seed size have been identified via marker-based, QTL mapping or association analysis studies (Kujur et al., 2013 (Kujur et al., , 2015 Saxena et al., 2014; Bajaj et al., 2015 Bajaj et al., , 2016 Verma et al., 2015; Singh et al., 2016) .
The availability of genotypes/cultivars with contrasting phenotypes for a specific trait offers an excellent opportunity to reveal the genetic factors controlling that trait. A comparative transcriptome analysis of the genotypes/ cultivars with different seed size has not yet been performed in chickpea to the best of our knowledge. Here, we have used RNA-seq technology to analyze the transcriptomes of seeds of two chickpea cultivars (differing significantly in their seed size) at different stages of development. We dissected these data to reveal transcriptome dynamics and transcriptional network associated with seed development, and identified key differences that determine seed size/weight in chickpea. The transcripts and/or modules of coexpressed genes expressed predominantly/ specifically at different stages of seed development and/or cultivars, were identified. The overlap of known QTLs with differential gene expression and discovery of single nucleotide polymorphisms (SNPs) identified candidate genes that might determine seed size/weight. This study provides insights into the molecular mechanisms underlying seed development and the factors determining seed size/weight in chickpea.
RESULTS

Global transcriptome analysis of whole seed in chickpea cultivars
The transcriptome analysis of different stages of seed development in the chickpea cultivars differing in their seed size/weight (Figures 1 and S1) can provide crucial systems-level insights into molecular mechanisms underlying seed development and seed size/weight. We selected two chickpea cultivars, Himchana 1 (small-seeded; average 100 seed weight 13.1 AE 0.15 g) and JGK 3 (large-seeded; average 100 seed weight 53.3 AE 1.48 g), which differ significantly in their seed size/weight. Seven stages of seed development representing major events occurring within the seed, including embryo development, storage reserve accumulation and maturation, were analyzed. Different stages of seed development were designated as S1-S7 (Figure 1 ). The stages S1-S3 represented stages of embryo development (embryogenesis), S4 and S5 stages corresponded to early and mid-maturation stages (grain filling), and S6 and S7 stages represented the late maturation stages (seed desiccation). The seed weight increased from S1 (average of 3.3 mg in Himchana 1 and 4.4 mg in JGK 3) to S5 (average of 236.2 mg in Himchana 1 and 1066.5 mg in JGK 3) stages and decreased thereafter (Figure 1b) . Maximum weight gain was observed between S4 and S5 stages in both the cultivars. The weight increased 2.1 times in Himchana 1, whereas 4.7 times weight gain was observed in JGK 3 from S4 to S5 stage. The weight of seed corresponded well with the seed size, which also increased from S1 to S5 stages and decreased thereafter in both the cultivars (Figure 1c ). However, there was a minor (11.3%) increase in seed size of Himchana 1 from S4 to S5, whereas it was 41.4% increase for JGK 3.
To investigate the transcriptome dynamics during seed development, we performed RNA-seq experiments using total RNA isolated from the seven stages of seed development and leaves of mature plants from the two chickpea cultivars, Himchana 1 and JGK 3 (eight tissues from each cultivar). All the tissues were analyzed in three independent biological replicates (48 samples in total). A total of more than 1.5 billion high-quality reads (average~63 million reads from each sample) were generated for each of Himchana 1 and JGK 3 cultivars from different tissues (Table S1) , and mapped to the chickpea genome (kabuli, v1.0) using TopHat. The mapped files were processed via Cufflinks and Cuffmerge, which generated a consensus transcriptome assembly with a total of 35 234 gene loci, including 28 269 known and 6965 novel gene loci. The uniquely mapped reads (28-68 million) for each sample (Table S1) were processed using Cufflinks to determine the normalized expression level as fragments per kilobase of transcript length per million mapped reads (FPKM) of each transcript. Spearman correlation coefficient (SCC) between the biological replicates of different tissues varied from 0.94 to 0.99 (except for one replicate of S5 stage of Himchana 1, which was removed from further analyses), indicating the high quality of the replicates ( Figure S2 ).
Overall, a total of~86% genes were identified as expressed in at least one of the 16 samples. The number of expressed genes in different tissue samples varied from 56.4% (S7) to 66.2% (S4) in Himchana 1, and 59.4% (S7) to 67.6% (S3) in JGK 3 ( Figure S3a ). About 12-22% of genes exhibited very high (FPKM ≥50) expression level in different tissues analyzed ( Figure S3b ). The number of genes showing high (10 ≤ FPKM ≥ 50), moderate (2 ≤ FPKM ≥ 10) and low (0.1 ≤ FPKM ≥ 2) expression was similar in all the tissues. Interestingly, the largest number of genes showed very high expression at S7 stage in both the cultivars. In general, a slightly larger fraction of genes showed high/ very high expression in JGK 3 as compared with Himchana 1 (Figure S3b ). Overall, these analyses showed sufficient coverage of the transcriptome during seed development in the chickpea cultivars.
Global comparison of transcriptomes revealed the relationship among seed stages
To investigate the global differences in the transcriptome dynamics during seed development in Himchana 1 and JGK 3 cultivars, we performed hierarchical clustering and principal component analysis (PCA) based on SCC analysis of average FPKM values for all the expressed genes in at least one of the 16 tissue samples (Figure 2 ). The tissues/ stages showing higher correlation in these analyses are expected to have more similar transcriptomes and (a) Phenotype of seed at different stages of development (S1-S7) and dry seeds in Himchana 1 and JGK 3. Average 100 seed weight (g) along with standard error (n = 30) has also been given. (b,c) Physical measurements showing variation in seed weight (b) and seed size (c) of Himchana 1 and JGK 3 at different stages (S1-S7). An average weight (in mg) and size (in mm) of a single seed has been presented. Error bars indicate standard error (n = 40-60).
functions/activities. These analyses showed a higher correlation of similar tissue/developmental stage between the two cultivars. As expected, leaf transcriptome of both the genotypes clustered together and showed substantial differences with seed development stages (Figure 2a and b) . The two early stages of seed development (S1 and S2) showed closer correlation within and between the cultivar (s), indicating high similarity in their transcriptional programs. Interestingly, the clustering of S3 stage from JGK 3 and Himchana 1 was strikingly different; S3 stage of JGK 3 exhibited closer correlation with S2 stage, whereas S3 stage of Himchana 1 tended towards the later (S4) stage of seed development (Figure 2b ). This observation indicates that Himchana 1 showed faster progression during the early stage of seed development than that of JGK 3, which is consistent with an earlier study on two maize populations with different seed sizes (Sekhon et al., 2014) . Seeds of both cultivars at S4 stage showed very tight clustering, indicating higher similarity in their transcriptional programs. However, S5 stage of JGK 3 and Himchana 1, though grouped closer, showed somewhat distinct transcriptional activity. Further, S6 and S7 stages from the two cultivars were grouped together, indicating a higher degree of similarity in their transcriptional programs. Taken together, these results suggested major differences in the transcriptional programs of early (S1-S3), mid (S4 and S5) and late (S6 and S7) stages of seed development within each cultivar. Further, the difference in the transcriptional programs at S3 and S5 stages may determine developmental specificities and/or seed size/ weight of the two chickpea cultivars.
Differential gene expression during seed development
To investigate the transcriptional differences that characterize different stages of seed development in both the cultivars, we identified preferentially/specifically expressed genes in each stage of seed development in both the cultivars. We used the stage specificity (SS) algorithm with SS score ≥0.5 to identify the genes expressed at a particular stage of development for each cultivar. Based on this criterion, we identified a total of 5201 and 4664 genes in Himchana 1 and JGK 3, respectively, with specific expression at a particular stage of seed development. A significant fraction (6.1% in Himchana 1 and 5.6% in JGK 3) of stagespecific genes encoded for transcription factors (TFs). Although a high similarity in the overall transcriptome was detected among different stages of seed development within and across the cultivars, the number of stage-specific genes was significantly different among various stages. The number of stage-specific genes varied from 353 to 1257 for Himchana 1 and 456 to 1071 for JGK 3 (Figure 3a) . The S2 stage showed the lowest number (353) of stagespecific genes in Himchana 1, whereas stage-specific genes were lowest at S6 stage (456) in JGK 3. The largest numbers of stage-specific genes (1257 in Himchana 1 and 1071 in JGK 3) were identified at S5 stage in both the cultivars (Figure 3a) . A significant proportion of stage-specific genes was common in both the cultivars (Figure 3a) . A heatmap depicting the stage-specific expression of the genes in chickpea cultivars is shown in Figure 3b . The variable number and proportion of preferentially/specifically expressed genes suggest that each stage has their own independent developmental programs. Alternatively, the transcriptional complexity may simply reflect the intricacy of the captured seed stages, which contain more than one cell type.
The gene ontology (GO) enrichment analyses of all the stage-specific genes in Himchana 1 and JGK 3 showed representation of genes related to various reproductive processes, cell wall organization, cell cycle and cell division, carbohydrate metabolic processes, response to stress/ hormone and regulation of transcription ( Figure S4 ). These processes are well known to be involved during various aspects of seed development. At least 457 TF-encoding genes belonging to 67 families exhibited stage-specific expression in at least one of the cultivars. The members of AP2-EREBP, MYB, bHLH, CCAAT and HB TF families were highly represented in these cultivars. In general, the enrichment analysis of functional classes during seven stages showed that early stages (S1-S3) of seed development were marked by cell cycle and growth. Mid-stages of seed development were marked by cell wall, lipid metabolism, secondary metabolism and protein synthesis. During late stages, biological processes, including abiotic stress, transcription and protein folding, were overrepresented. Further, an overlap analysis of significantly enriched GO terms in each cultivar via generation of enrichment maps revealed several terms either specifically enriched in one (c) Gene ontology (GO) enrichment map of preferentially expressed genes at all the stages of seed development in Himchana 1 and/or JGK 3. Significantly enriched GO terms (biological process) in Himchana 1 and/or JGK 3 were overlapped to highlight the terms specifically or commonly in Himchana 1 and/or JGK 3. Selected broad GO terms significantly enriched specifically or commonly in Himchana 1 and/or JGK 3 have been highlighted in colored ovals/circles (brown, JGK 3; purple, Himchana 1; green, common). An enlarged version with GO terms labeled is provided in Figure S4 . cultivar or commonly enriched in both the cultivars (Figures 3c and S5 ). For example, biological process GO terms related to cell cycle, DNA packaging and response to hormones were specific to JGK 3, whereas GO terms related to regulation of cell growth/morphogenesis, cell wall thickening and negative regulation of endoreduplication were specific to Himchana 1. GO terms related to polysaccharide/carbohydrate response pathways and secondary metabolic processes were found enriched in both the cultivars. Taken together, these results indicate that a set of genes, including those encoding for TFs, perform stage-specific functions during seed development in chickpea.
We performed reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analyses for 18 genes showing stage-specific expression in all the 16 tissue samples in Himchana 1 and/or JGK 3. The expression profiles and stage-specific expression of the tested genes revealed by RT-qPCR were similar to those observed in RNA-seq data ( Figure S6 ), indicating accuracy of RNA-seq data to reflect the abundance of transcript levels. The correlation coefficient between the RNA-seq and real-time PCR-based analyses was ≥0.70 for most of the genes tested ( Figure S6 ).
Gene sets differentially expressed between the chickpea cultivars
We identified gene sets showing significant differential expression between Himchana 1 and JGK 3 at each stage of seed development. In total, 8562 genes (including 497 TF-encoding genes) exhibited significant higher expression, and 9023 genes (including 474 TF-encoding genes) exhibited significant lower expression at different stages of seed development in JGK 3 as compared with Himchana 1. The largest number of genes (4783) exhibited differential expression at S7 stage followed by S3 stage (3893) between the two cultivars ( Figure 4a ). The least number of genes was differentially expressed at the S4 stage between the two cultivars. Overall, most of the TF families showed differential expression in JGK 3 and have diverse functions during seed development ( Figure 4b ; Table S2 ). Some of the TF families exhibited a significant difference in the number of members exhibiting significantly higher and lower expression in JGK 3 (Figure 4b ). For example, the members of TF families involved in cell differentiation, such as ARF and HB, as well as those implicated in hormone signaling pathways, such as ARF and Aux/IAA (auxin signaling), and ARR-B (cytokinin signaling), and epigenetic regulation (SET) showed significantly higher expression in JGK 3. On the other hand, the majority of the TFs showing lower expression in JGK 3 were represented from the families, such as WRKY, Alfin-like, CCAAT, Myb-related, C 2 C 2 -CO and heat shock factors. The expression profiles of selected TF families during seed development in both the cultivars are given in Figure S7 .
The GO enrichment analysis of differentially expressed genes in JGK 3 identified several biological processes uniquely/commonly overrepresented at different stages of seed development. Various cell division-related terms, such as cell cycle, cell division, cell growth, as well as cell wall organization/modification-related terms, were significantly enriched in the genes with higher expression, particularly at S3 stage ( Figure 4c ). Likewise, GO terms, regulation of cell size and cellular component size were also highly enriched at S3 stage. These terms were enriched at S5 stage in both sets of genes exhibiting higher and lower expression. The G1/S phase of mitotic cell cycle-related genes exhibited higher expression at S5 stage, which indicated higher activity of DNA replication machinery in JGK 3. Interestingly, we observed more significant enrichment of GO term, regulation of DNA endoreduplication in the genes showing higher expression at the mature stages (JS5 and JS6) of seed development ( Figure 4c ). Brassinosteroid biosynthesis and carbohydrate metabolism-related genes seemed to be more active at S3 stage.
To investigate the metabolic pathways responsible for the difference in seed size/weight of JGK 3 and Himchana 1, the expression profiles of differentially expressed genes between the cultivars were overlaid onto the available metabolic pathways using MapMan tool. We observed differential activity of certain metabolic pathways at S3 stage, which was consistent with PCA results. Substantial differences in the transcriptional activity of the genes involved in starch biosynthesis were observed between the cultivars. The genes involved in starch metabolism and photosynthesis-related genes were more active in JGK 3, suggesting higher energy requirements for actively dividing cells in large-seeded JGK 3 ( Figure 4d ). Consistently, the genes involved in cell cycle and cell division also showed higher expression in JGK 3. A large number of genes involved in cell wall synthesis and modification also exhibited higher expression in JGK 3 at S3 stage (Figure 4d ). In addition, the genes involved in DNA synthesis, regulation of transcription, RNA synthesis, protein synthesis, development and transport also exhibited higher transcriptional activity in JGK 3 as compared with Himchana 1 from S2 to S5 stages ( Figure S8 ), indicating an extended period of mitotic activity. Together, these data demonstrated major transcriptional differences between Himchana 1 and JGK 3 at S3 stage.
Differential regulation of genes determining seed development and seed size/weight
The expression profiles of key gene families and individual genes involved in cell division, cell size determination, cell wall modification, carbohydrate metabolism and grain filling were analyzed. We observed higher expression of several members of these gene families in JGK 3 cultivar, particularly at S3-S5 stages of seed development (Figure S9) . A higher transcriptional activity of A-type and B-type cyclin-encoding genes in JGK 3 till S5 stage indicated higher mitotic activity and an extended period of cell division in JGK 3. The expression of D-type cyclin-encoding genes was also higher in S3-S5 stages in JGK 3, which are involved in the control of G1/S transition (Dante et al., 2014) . The genes encoding glucan synthases, cellulose synthases and xyloglucan endotransglucosylases/hydrolases exhibited higher transcriptional activity in JGK 3 cultivar during embryogenesis and/or mid-maturation stages. These enzymes are the integral components of cell wall biosynthetic machinery and are involved in production of energy (Stork et al., 2010; Mendu et al., 2011; Redekar et al., 2015) . Further, the transcript abundance of genes involved in cell expansion (expansins), seed storage proteins (vicilins) and lipid transfer proteins was also significantly higher in the large-seeded chickpea cultivar (Figure S9 ). These proteins have been implicated in various aspects of seed development, particularly during seed maturation (Chen et al., 2001; Harrison et al., 2001; Gallardo et al., 2003; Milisavljevi c et al., 2004; Liu et al., 2015; Wang et al., 2015) .
The transcriptional activity of the genes encoding some of the bonafide components of cell cycle machinery, CYCD3;1 (XLOC_013008), APC2 (XLOC_019430), MYB3R-4 (XLOC_011883) and E2Fa/b (XLOC_011436), was significantly higher in JGK 3 cultivar during different stages of seed development ( Figure 5 ). CYCD3;1 positively regulates G1/S phase transition during the cell cycle (Menges et al., 2006; Dewitte et al., 2007) . APC2, a member of the cullin protein family, represents a subunit of APC/C (anaphase promoting complex or cyclosome) that regulates mitotic progression (Capron et al., 2003) . Transcriptional activity of the TF gene, MYB3R-4, was significantly higher in JGK 3 from S1 to S5 stages. MYB3R-4 regulated plant development via controlling the expression of G2/M-specific genes (Haga et al., 2011) . It has also been demonstrated that this TF is required for the establishment of endoreduplication at the site of fungal infection in Arabidopsis (Chandran et al., 2010) . E2Fa and E2Fb are the transcriptional regulators of genes involved in cell cycle progression and endoreduplication (De Veylder et al., 2002; Rossignol et al., 2002; Sozzani et al., 2006) . The expression of genes encoding components of DNA replication machinery, such as origin recognition complex (ORC1A, XLOC_018689 and ORC6, XLOC_004561) and helicase (MCM8), was also higher in JGK 3 cultivar as compared with Himchana 1 (Figure 5 ). ORC1A is a PHD domain containing H3K4me3 effector protein, which represents a large subunit of ORC complex and is involved in defining the origin of DNA replication via acting as transcriptional activator of a subset of genes (de la Paz Sanchez and Gutierrez, 2009) . ORC6 is involved in initiation of DNA replication with higher gene expression during G1/S phase and helps mitotic cell progression (Diaz-Trivino et al., 2005; Vandepoele et al., 2005) . MCM8 showed significantly higher expression levels at S5 stage in JGK 3, which has been implicated in double-strand break repair in Arabidopsis (Crismani et al., 2013) . However, its helicase activity and role in assembly of pre-replicative complex in Xenopus and human, respectively, has also been demonstrated (Maiorano et al., 2005; Volkening and Hoffmann, 2005) .
Another gene XLOC_008046 encoding for a putative CLASP protein, which is known to be associated with microtubules and is involved in both cell division and cell expansion (Ambrose et al., 2007) , is highly expressed during S3-S5 stages in JGK 3 ( Figure 5 ). The transcript abundance of NRP2 gene (XLOC_023728) encoding for a histone chaperone was also higher at S3 stage in JGK 3. NRP2 positively regulates cell cycle progression at G2/M in root (Zhu et al., 2006) . The expression of a brassinosteroid signaling gene, TOP6B (BIN3/HYP6, XLOC_000845), was high at S5 stage, which positively regulates cell expansion via controlling DNA replication and endoreduplication levels (Hartung et al., 2002; Yin et al., 2002) . More recently, its role in carbon partitioning into secondary metabolites and cell wall has also been demonstrated (Mittal et al., 2014) .
In addition, the transcript levels of specific genes known to be involved in fatty acid biosynthesis during seed maturation, such as WRINKLED1 (WRI1, XLOC_026565), TRIA-CYLGLYCEROL BIOSYNTHESIS DEFECT1 (TAG1, XLOC_004644) and STEROL METHYLTRANSFERASE2 (SMT2, XLOC_015400), were found to be significantly higher in JGK 3 cultivar from S1 to S5 stages of seed development ( Figure 5 ). WRI1 encodes an AP2-type TF, which acts as a master regulator of seed oil accumulation and seed maturation processes in several plants (Ruuska et al., 2002; To et al., 2012; Ma et al., 2013; Adhikari et al., 2016) and may perform a similar function in chickpea as well. The expression of TAG1 has been found to be increased during seed maturation and might be responsible for accumulation of fatty acids. SMT2 gene product catalyzes the addition of one or two methyl groups at C-24 in phytosterols (Husselstein et al., 1996; Bouvier-Nav e et al., 1998) . Mutation in SMT2 causes altered sterol levels in the Arabidopsis plants (Carland et al., 2010) , which play a major role in cell division and cell expansion via transcriptional activation of associated genes (He et al., 2003) . The expression of XLOC_015363, an ortholog of Arabidopsis unknown seed protein-like 1 (USPL1), was significantly higher in JGK 3 at S5 stage as compared with Himchana 1. USPL1 encodes a BURP domain-containing protein, which is targeted to protein storage vacuoles, endoplasmic reticulum and Golgi bodies, and behaves like a storage protein (Van Son et al., 2009) . It is likely that these genes might be responsible for determining seed size/weight in chickpea. However, further in-depth functional analysis is required to establish their exact role in seed development and seed size/weight determination.
Identification of conserved and/or divergent gene coexpression modules
To investigate the gene regulatory network (GRN) during seed development, we identified coexpressed gene sets via weighted gene coexpression network analysis (WGCNA). The genes showing very low expression and/or low SCC value were not considered for this analysis to avoid inclusion of spurious edges in the networks. We performed GRN analysis for both the chickpea cultivars separately. This GRN analysis revealed several major subnetworks representing interaction among genes with similar expression profiles, which were referred to as coexpression modules. A total of 27 modules (comprised of 85-2221 genes) were identified in Himchana 1 (Figures 6a and S10Aa,c; Table S3 ), while 21 modules (comprised of 45-2873 genes) were recognized in JGK 3 (Figures 6b and S10b,d; Table S4 ). All the modules in both Himchana 1 and JGK 3 harbored TF-encoding genes varying from two (darkred) to 152 (turquoise) in Himchana 1, and one (lightyellow and royalblue) to 246 (turquoise) in JGK 3 (Figure S11) . TF-encoding genes represented >10% of the total genes included in some of the modules, indicating tight regulation of the transcriptional activity. Further, we associated each of the coexpression modules with stages of seed development via Pearson correlation coefficient analysis. Interestingly, 13 coexpression modules of Himchana 1 and six coexpression modules of JGK 3 showed relatively higher correlation (r ≥ 0.60) with seed developmental stages ( Figure S10c,d) . Many of the modules were correlated with more than one seed development stage; however, a few of them were correlated with a specific seed development stage only. For example, the darkred module of Himchana 1 was specifically correlated (r ≥ 0.93) with S4 stage. In JGK 3, lightyellow and royalblue modules were specifically correlated with S4 (0.93) and S5 (0.94) stages of seed development, respectively ( Figure S10c,d) .
Gene ontology enrichment analysis of each module highlighted key biological processes represented by a set of coexpressed genes, and corroborated our results of differential gene expression analysis (Tables S3 and S4 ). For example, the modules associated with early stages of development showed enrichment of GO terms related to cell division, cell morphogenesis, cell wall organization and regulation of gene expression. Mid-maturation stages associated modules represented GO terms related to chromatin modification, protein/histone modification, fatty acid biosynthesis and secondary metabolism, etc. Likewise, the modules associated with late maturation exhibited overrepresentation of terms, such as transport, nitrogen compound metabolism, regulation of transcription, response to abiotic/osmotic stimulus and protein metabolic processes. The darkred module of Himchana 1 associated with S4 stage included most of the genes involved in epigenetic modifications. The lightyellow module of JGK 3 specific to S4 stage included genes related to RNA splicing, and the royalblue module specific to S5 stage included genes involved in response to amino acid and nitrogen. Next, we studied the preservation of coexpression modules between Himchana 1 and JGK 3 at different stages of seed development via cross-tabulation approach by calculation of Z-summary ( Figure 6 ). Most of the modules were found to be preserved across the cultivars with similar seed development SS (Figure 6c ). Interestingly, a few modules preserved across the cultivars exhibited a difference in developmental SS/timing of transcriptional activity. Further, we identified three modules of Himchana 1, i.e. orange (HS4 and HS2), darkgray (HS4) and darkturquoise (HS7), and four modules of JGK 3, i.e. lightyellow (JS4), royalblue (JS5), gray60 (JS5 and JS4) and lightgreen (JS5 and JS4), which were cultivar-specific. The Himchana 1-specific modules harbored genes involved in regulation of transcription, programed cell death, senescence, chromatin silencing and nitrogen metabolic processes (Table S3) . JGK 3-specific modules were found to be enriched in genes associated with GO terms, including DNA replication, cell division, gene expression, protein modification, amino acid stimulus and xylan biosynthetic process, etc. (Table S4 ). Taken together, these results indicated that each of the seed development stages was associated with one or more coexpression modules in each cultivar that reflected the gene regulatory processes specific to each stage, and are indicators of the differential programs functioning at each stage of seed development within or across the cultivars. (c) Comparison of Himchana 1 and JGK 3 modules based on cross-tabulation and Z-score calculation. Each Himchana 1 (row) and JGK 3 (column) module is labeled by the corresponding module color, and the total number of genes in the module is shown. The numbers of genes for each intersection of the corresponding row and column modules are given. The color in the boxes represents -log(P), the Fisher exact test P-value, according to the color legend on the right.
Transcription regulatory modules related to seed development and seed size/weight
We defined the GRNs that associate the TFs with their coexpressed target genes harboring their binding sites (significantly enriched motifs) at S3 and S5 stages of seed development in JGK 3. For this analysis, we used coexpressed genes included in the modules found associated with S3 and S5 stages of seed development in JGK 3 and Himchana 1 (Datasets 1, 2) . This resulted in prediction of transcriptional modules linking the enriched regulatory motifs with known TFs involved in seed development and their association with specific GO terms represented significantly in the target genes. The transcriptional module of S3 stage of seed development in JGK 3 (brown module) included significantly enriched DNA sequence motifs, ATHB1, SORLIP3/5, JASE1 and L1-box mainly associated with TFs, like WOX9, PDF2, RLT2, ANL2, JAB and HDG11, and target genes associated with GO terms, regulation of gene expression, cell wall organization, regulation of cell size and post-translational protein modification (Figure S12) . Many of these components were similar for the transcriptional module at S3 stage in Himchana 1 (magenta, green and lightcyan modules) with some specific components, including motifs, CARG3, PRHA and TELObox, and TFs, AGL15, WOX2/3 and SEP3 ( Figure S12 ). Some of these regulatory motifs and TFs are known to be associated with embryogenesis and act coordinately for transcriptional activation of genes. The MADS-box TF, AGL15, plays a crucial role in embryogenesis and binds to CArG motif (Perry et al., 1999; Fernandez et al., 2000; Tang and Perry, 2003) .
At S5 stage of seed development in JGK 3 (gray60, lightgreen, blue, royalblue and tan modules), motifs like CCA1, ABRE, ABFS, PRHA, TELO-box and MYB1 were enriched ( Figure S13 ). The DNA motifs, including ABRE and ABFS, were associated with bZIP family TFs (bZIP44 and DPBF2/3). Similarly, CCA1 motif was associated with TRB1, TRFL6 and PRZ1 TFs, and PRHA motif was associated with HB, PDF2 and WOX12 TFs. MYB1 motif was associated with several MYB family TFs. The transcriptional module included target genes involved in brassinosteroid-mediated signaling, epigenetic regulation of gene expression, glucan metabolic process, lipid metabolic process, regulation of cell size and response to hormones. An evident overlap of enriched DNA motifs and TFs was observed in the transcriptional module of Himchana 1 at S5 stage. However, some of the regulatory motifs, such as RAV1-A, TGA1, LFY and OBF, and TFs, LEC2, FUS3 and VAL1 with target genes involved in phenylpropanoid metabolic processes and response to abscisic acid were unique to the transcriptional module in Himchana 1 ( Figure S13 ). Many of these DNA motifs have been found to be associated with promoters of genes involved in seed maturation (Gutierrez et al., 2007; Penfield and Hall, 2009 ). The TFs LEC2 and FUS3 are wellknown key transcriptional regulators of seed maturation (Santos-Mendoza et al., 2008) . Overall, these analyses identified key regulators of seed development and suggested that seed development processes are regulated similarly, but not identically, in the two chickpea cultivars.
We observed that some modules displayed opposite expression patterns between the two chickpea cultivars at S3 and S5 stages. For example, orange module of Himchana 1, and royalblue and salmon modules of JGK 3 showed low transcript abundance in Himchana 1, but high in JGK 3 cultivar at S3 stage. Likewise, lightyellow and purple modules of Himchana 1, and gray60 and lightgreen modules of JGK 3 exhibited high transcript abundance in Himchana 1, but low in JGK 3 at S3 stage. Tan module of Himchana 1 included genes with high expression in JGK 3 and low expression in Himchana 1 at S5 stage. Considering that these modules might be responsible for the divergence in seed development program of Himchana 1 and JGK 3, we analyzed the GRNs for these modules (Figure 7 ; Data S3). The GRN of genes showing lower expression in Himchana 1 and higher expression in JGK 3 at S3 stage included significantly enriched regulatory elements, AtbZIP53/44, ARF, CBF, AGL, CARG1/3, MYB2/3/4 and HB with TFs, such as bZIP34, ORE14, ERF13, FEM111 and TRB1 and target genes involved in regulation of cell cycle, chromatin organization, histone modifications, signal transduction, regulation of transcription and gluconeogenesis. The expression pattern of top hub genes at S3 stage reflected the expression pattern of all the genes included in different modules (Figures 7 and  S14 ). The transcriptional module of genes showing high expression in Himchana 1 and low expression in JGK 3 at S3 stage was comprised of TFs, bZIP5/44, AGL30, GBF3/6, DPBF2, WRKY22/27, WAM1, MYB33/98 and ARF17, significantly enriched cis regulatory motifs, AGL15, CARG3, ABFS, ABRE, G-box, AtMYC, PRHA, RAV1-B and HB with plausible target genes involved in mitotic cell cycle check point, cell wall modification, regulation of cell size, gene expression, response to abscisic acid stimulus and lipid metabolic process, etc. The GRN at S5 stage (high expression in JGK 3 and low expression in Himchana 1) included enriched regulatory motifs, EIL1, ERF1, CARG3, TEF-box, ARF and RY-repeat with TFs, CRF10, DDF2, WOX1, HDG11 and MYB3R-4, and their target genes involved in epigenetic regulation of gene expression, regulation of cell size and post-translational protein modification. Many of these regulatory motifs and TFs are known to be involved in determination of seed size/weight. Overall, these analyses identified transcriptional modules as key regulators and their role in controlling seed development and determination of seed size/weight. Figure S14 . The predicted transcriptional regulatory network [significantly enriched transcription factor (TF)-binding sites along with the associated TFs and enriched gene ontology (GO) terms] associated with the gene sets showing opposite expression patterns at S3 or S5 stage of seed development are given. The significantly enriched cis-regulatory motifs (green triangles) and GO terms (blue hexagons) within the given set of genes. The TFs are represented by magenta circles. Edges represent known interactions between the cis-regulatory motifs and TFs. The transcriptional regulatory networks were predicted for the module sets with opposite expression patterns in Himchana 1 and JGK 3 at S3 or S5 stages .
Candidate genes and SNPs underlying QTLs determining seed size/weight
Further, we sought to identify genetic variations among the small-and large-seeded cultivars that might be responsible for differential gene expression and determine seed weight/size in chickpea. For this analysis, we integrated the known QTLs (based on genomic coordinates) and candidate genes (based on gene identifiers) associated with seed size/weight reported in previous studies (Kujur et al., 2013 (Kujur et al., , 2015 Saxena et al., 2014; Bajaj et al., 2015 Bajaj et al., , 2016 Verma et al., 2015; Singh et al., 2016) with our differential gene expression results. A total of 34 genes, including those located in the QTLs, genes associated with seed weight/size, involved in cell cycle/cell division, endoreduplication and seed storage protein accumulation and/or showing higher transcript abundance in JGK 3 at S3 and/ or S5 stages as compared with Himchana 1, were identified ( Figure 8a ; Dataset 4). In addition, 14 candidate genes involved in different processes that are likely to determine seed size/weight in chickpea as described in Figure 5 were selected. Firstly, we validated the differential expression pattern of 34 (including 14 genes from Figure 5 ) of these 48 genes between JGK 3 and Himchana 1 cultivars at S3 and S5 stages via RT-qPCR ( Figure S15 ). This analysis confirmed the higher transcript abundance of most of these genes at S3 and/or S5 stage(s) in JGK 3 cultivar. Next, we analyzed 2-kb upstream (promoter) sequences of the 48 genes in 10 chickpea cultivars/genotypes, including four small-seeded (Himchana 1, JG 62, ICC 1882 and ICC 4567 with average 100 seed weight 13.1-16.7 g) and six largeseeded (JGK 3, PG 0515, ICC 8261, LBeG7, ICC 4958 and SBD 377 with average 100 seed weight 28.5-56.9 g) cultivars/genotypes, for identification of SNPs among them. A total of 107 SNPs among the 10 chickpea cultivars/genotypes located in the promoter sequences of 23 genes were identified (Data S5). Among these, at least 79 SNPs located in the promoter sequences of six genes (Ca_12295 on chromosome 3, and Ca_04364, Ca_04600, Ca_04601, Ca_04602 and Ca_04607 on chromosome 4) were identified, which clearly differentiated small-seeded and large-seeded chickpea cultivars/genotypes (Figure 8b ; Dataset 5). The number of the identified SNPs ranged from one (Ca_12295) to 33 (Ca_04607) per gene. The genes harboring these SNPs encoded for a putative CLASP protein (Ca_12295), protein kinase family protein (Ca_04364), aminotransferase-like protein (Ca_04600), SurE-like survival protein (Ca_04601), phosphatidylinositol transfer protein (Ca_04602) and SNARE-associated Golgi protein (Ca_04607). RNA-seq and/ or RT-qPCR analyses revealed higher transcript abundance of these genes at S3 and/or S5 stages of seed development in JGK 3 as compared with Himchana 1 (Figures 8a and  S15) . Some of these SNPs were located within the cis-regulatory (TF binding) motifs that constituted the transcriptional modules determining seed development and seed size/weight (Figures 7 and S13) . The genotyping of identified SNPs in a large set of chickpea cultivars/genotypes can help developing haplotype(s) associated with seed weight/size determination in chickpea, and the genes harboring these SNPs are the most promising targets for engineering seed weight/size in chickpea.
DISCUSSION
The molecular mechanisms underlying seed development are poorly understood in legumes. We used RNA-seq approach to detect the transcriptome dynamics in two chickpea cultivars (with contrasting seed size/weight) at different stages of development, and investigated the molecular mechanism underlying seed development and difference in seed size/weight. More than 80% of the chickpea genes were found to be expressed in at least one stage of seed development. Deep RNA-seq facilitated the discovery of novel genes and their expression profiles. The expression data across the seven seed development stages showed high reproducibility in both the chickpea cultivars and each stage was clearly distinguished in the PCA plot, suggesting that significant changes in gene expression occur from one stage to another. The dataset provides a comprehensive description of transcriptional activity during different stages of seed development in chickpea. The comprehensive transcriptome analyses with the inference of coexpression networks and transcriptional modules identified several coregulated and specific transcriptional programs within and across the cultivars associated with seed development and seed size/weight determination.
It has been demonstrated that differential allocation of resources during seed set determines seed size/weight across plant species (Gambin and Borras, 2010) . Further, an increase in seed size/weight has been associated with an increase in other traits, including seed weight, stem thickness and vigor in preflowers for flowering plants (Elmore and Abendroth, 2005; Gambin and Borras, 2010) . The existence of common genetic components regulating size of seeds and other organs via affecting cell cycle and duration of development has been hypothesized (Linkies et al., 2010) . In contrast, many other studies did not support correlation between seed size and plant biomass (Graven and Carter, 1990; Elmore and Abendroth, 2005) . A prolonged phase of cell division resulting in a higher number of cells in the seed coat, cotyledon or endosperm is considered to be responsible for larger seed size/weight (Weber et al., 1996; Sekhon et al., 2014) . The increase in seed weight between S3 and S5 stages in both the chickpea cultivars suggested that this period represents transition between cell division to maturation. The differential rate of increase in seed weight suggested that the number of cell divisions occurring in the two chickpea cultivars are different. The GO enrichment analyses revealed a prolonged period of cell division and mitotic activity with higher expression of genes involved in cell division and cell cycle in JGK 3. The extended period of mitotic activity has been found accompanied with higher gluconeogenesis, which plays a key role in seed size determination in maize (Sekhon et al., 2014) . A larger number of cells in JGK 3 may lead to more accumulation of storage compounds/proteins. Further, endoreduplication is considered as a progressive phenomenon in reserve accumulating plant organs during the transition between cell division and maturation, and a positive correlation between the endoreduplication (ploidy) level in mature cotyledon and seed size has been observed in previous studies (Galbraith et al., 1991; Lemontey et al., 2000; Dante et al., 2014) . We observed higher transcriptional activity of genes involved in G1/S transition and enrichment of GO term, regulation of endoreduplication, during S5 stage in JGK 3, suggesting higher endoreduplication in JGK 3. The higher transcript abundance of BIN3/TOP6B at S5 stage in large-seeded JGK 3 indicated the role of brassinosteroid signaling in determining seed size/weight in chickpea. Earlier studies have reported a crucial role of brassinosteroids in determining seed development and seed size (Sun et al., 2010; Locascio et al., 2014) . Brassinosteroid-insensitive mutants resulted in production of smaller seeds (Choe et al., 2000; Li and Li, 2016) . In addition, a higher transcriptional activity of several known genes associated with cell expansion, fatty acid biosynthesis and storage compounds was found to be associated with seed maturation in the large-seeded chickpea cultivar. Altogether, an extended period of cell division/mitotic activity along with higher endoreduplication level and more accumulation of storage compounds in JGK 3 might explain its larger seed size/weight.
Many of the TF families have been implicated in seed development (Le et al., 2010; Agarwal et al., 2011; Verdier et al., 2013) ; however, only a few TFs have been implicated in determination of seed size. In our dataset, about 50% of the total TFs were found to be differentially expressed between Himchana 1 and JGK 3, suggesting a differential transcriptional regulatory network between the chickpea cultivars. Some of the known families were represented among the differentially expressed TF-encoding genes; however, the exact function of most of these genes remains to be uncovered. The role of some members of TF families, such as ARF, homeobox, NAC and WRKY, which showed differential regulation across the chickpea cultivars, is well known in seed development (Le et al., 2010; Agarwal et al., 2011; Verdier et al., 2013; Li and Li, 2016) . The differential regulation of members of the same gene family in different chickpea cultivars may lead to different regulatory networks, which can determine cultivar-specific seed development and seed size/ weight. To better understand the seed development process, we performed coexpression network analysis and identified common and unique gene sets/modules including a significant number of TFs associated with developmental stages from embryo to fully-developed seed for both the cultivars. The TFs can act as regulatory components to coordinate the activity of coexpressed genes within each module. GO enrichment analyses of modules highlighted the role of several biological processes/pathways in seed development and suggested that determination of seed size/weight occurs via processes occurring mainly at late embryogenesis (S3) and maturation (S5) stages of seed development.
In Arabidopsis, the regulatory gene circuitry of the seed maturation process has been elucidated based on the comprehensive transcriptome profiling of different seed parts (Belmonte et al., 2013) . The discovery of transcriptional modules can identify GRNs that control biological processes associated with seed development (Sreenivasulu and Wobus, 2013; Becker et al., 2014) . Therefore, we constructed the transcriptional modules linking TFs with their potential binding motifs and coexpressed target genes (TF-binding motifs-target genes) for the two (S3 and S5) crucial stages of seed development that are supposed to determine differential seed development and seed size/weight in the two chickpea cultivars. Although there was an extensive overlap in the transcriptional programs during seed development in Himchana 1 and JGK 3 cultivars, several components exhibited specificity of their transcript accumulation, which defined uniqueness of the transcriptional modules operating in the two chickpea cultivars. Further, the transcriptional modules defined from the genes showing opposite gene expression patterns during S3 and S5 stages of seed development in the smalland large-seeded chickpea cultivars included regulatory gene circuits (TFs-regulatory motifs-target genes) involved in cell cycle, chromatin organization, epigenetic/ histone modifications, cell size/growth and energy production. These genes were not found differentially expressed in leaves of Himchana 1 (desi) and JGK 3 (kabuli) cultivars, suggesting that these differences are not due to the background effects of the desi and kabuli chickpea and might determine the differential seed size/weight phenotype. Many components of these transcriptional modules have been implicated in various aspects of seed development processes and/or determination of seed size/weight in different plants (Belmonte et al., 2013; Sreenivasulu and Wobus, 2013; Becker et al., 2014; Dante et al., 2014; Li and Li, 2016) . Our results highlighted that construction of transcriptional modules in addition to the coexpression network analysis can act as a powerful tool to understand the molecular mechanisms underlying agronomic traits, such as seed development and seed size/weight. However, further functional studies on individual members of the network are required to elucidate a complete picture of GRNs.
Quite a few studies have identified QTLs and/or candidate genes associated with seed size/weight in chickpea using different biparental populations or diverse germplasm via various approaches (Kujur et al., 2013 (Kujur et al., , 2015 Saxena et al., 2014; Verma et al., 2015; Bajaj et al., 2015 Bajaj et al., , 2016 Singh et al., 2016) . In most of these studies, large genomic regions harboring several genes have been identified as QTLs. It has been suggested that integration of transcriptome data with the molecular genetics approaches is a better method to identify candidate genes controlling a particular trait. The integration of our transcriptome analysis with known QTLs and/or candidate genes associated with seed size/weight followed by discovery of SNPs in the promoter sequences identified six candidate genes that might determine seed size/weight in chickpea. Interestingly, five of these genes were located within one QTL on CaLG04 associated with seed size/ weight, which was identified recently via QTL-seq approach (Singh et al., 2016) . Two of these genes, XLOC_008046 encoding for a putative CLASP protein, and Ca_04607 encoding for SNARE-associated Golgi transmembrane protein, are involved in cell division/cell expansion and vesicular membrane trafficking, respectively, which are important processes that regulate seed development and size/weight (Ambrose et al., 2007; Bassham and Blatt, 2008; Ebine et al., 2008; Dante et al., 2014) . The presence of SNPs within the TF binding motifs can result in differential expression of these genes in chickpea cultivars with contrasting seed size/weight phenotype. Based on these results, it is possible to target these genes for engineering seed size/weight in chickpea.
In conclusion, RNA-seq data generated from two chickpea cultivars with contrasting seed size/weight in this study present a robust resource to study seed biology, including development and seed size/weight in legumes.
We identified gene sets that are expressed in specific stages, determined their enriched biological processes/ pathways and defined coexpressed gene sets with high temporal resolution. Further, we identified GRNs that operate during seed development and govern seed size/ weight via identifying TFs and enriched cis-regulatory motifs that accumulate in a stage-specific manner. Our results revealed that an extended period of mitotic activity during embryogenesis, and a higher level of endoreduplication and storage compound accumulation during seed maturation are majorly responsible for determining seed size/weight in chickpea. The correlation of known QTLs and seed size/weight-associated genes with the transcriptome data followed by discovery of SNPs in the promoter regions identified six potential target genes determining seed size/weight. Overall, the present study suggests that transcriptional profiles and deduced GRNs along with molecular genetic approaches can help identification of the most promising candidate genes and establish their precise role in seed size/weight determination. We anticipate that comprehensive information presented here will serve as a crucial resource to understand seed biology, in particular leveraging the seed size/weight in legumes.
EXPERIMENTAL PROCEDURES Plant materials and sampling
Two chickpea (Cicer arietinum L.) cultivars with contrasting phenotype for seed size/weight, Himchana 1 (small-seeded) and JGK 3 (large-seeded), were used in this study. Chickpea plants were grown in the field during the winter season of 2014-2015. At least 50 flower buds for each cultivar were analyzed at different stages to determine the day of pollination. Individual flower buds were tagged at 1 day after pollination (DAP) for both the cultivars. Seeds were collected in three biological replicates at 5, 9, 12, 19, 25, 30 and 40 DAP, representing S1, S2, S3, S4, S5, S6 and S7 stages, respectively. At the 5-DAP, 9-DAP and 12-DAP stages, at least 30-40 seeds were harvested for each biological replicate. For later stages, 18-20 seeds were collected for each biological replicate. At least 50 seeds from each stage were used for measurement of weight and size (length). In addition, leaves (subtending the flower bud/pod) from the chickpea plants at S5 stage of seed development were collected in three biological replicates for both cultivars. The tissue samples were collected on dry ice and snapfrozen in liquid nitrogen.
Illumina sequencing, read mapping and differential gene expression analyses
For RNA-seq, total RNA extraction and library preparation for each sample were performed as described previously (Garg et al., 2016) . All the 48 libraries (16 samples in three biological replicates) were sequenced on Illumina platform (HiSeq 2000) to generate 100-nucleotide-long paired-end sequence reads. The raw sequence data were assessed for various quality parameters, and high-quality reads were filtered using NGS QC Toolkit (v2.3; Patel and Jain, 2012) as described earlier (Garg et al., 2016) . The filtered high-quality reads were mapped on the kabuli chickpea genome (v1.0; Varshney et al., 2013) using TopHat (v2.0.0) with default parameters. The mapped output was processed via Cufflinks (v2.0.2) to obtain FPKM for all the chickpea genes in each sample. Correlation between the biological replicates was determined via calculating SCC. Hierarchical clustering and PCA analysis were performed using corrplot and prcomp utilities in R package. The differential expression between different samples was determined by Cuffdiff. The genes exhibiting a difference of at least twofold change with corrected P-value after adjusting with false discovery rate (q-value) ≤ 0.05 were considered to be significantly differentially expressed. The stage-specific/preferential genes in both the cultivars were identified via SS scoring algorithm, which compares the expression of a gene in a given stage with its maximum expression level in other stages as described previously (Zhan et al., 2015) . The higher value of SS score of a gene in a particular stage signifies its more specific expression at that stage. For a given set of genes, row-wise Z-scores were determined and heatmaps were generated using heatmap2 of R package.
GO and pathway enrichment analysis
Gene ontology enrichment analysis for differentially expressed gene sets was performed using Cytoscape (BiNGO plug-in; Maere et al., 2005) . P-value for enrichment was calculated for each represented GO term and corrected via Benjamini Hoschberg error correction method. The GO terms exhibiting a corrected (after adjusting with false discovery rate) P-value of ≤0.05 were considered to be significantly enriched. Further, pathway enrichment analysis of different sets of genes was performed using MapMan (v3.5.1R2) categories (significance value ≤0.05) for the best Arabidopsis (TAIR10) homolog.
RT-qPCR analysis
Results of RNA-seq were validated via RT-qPCR experiments. Real-time PCR analyses were performed as described earlier (Garg et al., 2016) . The gene-specific primers designed using Primer Express (v3.0) software are listed in Table S5 . The real-time PCR analysis was performed using three biological replicates for each tissue sample and at least three technical replicates of each biological replicate. The normalization of transcript level of each gene was done with the transcript level of the most suitable internal control gene, Elongation factor 1 alpha or UBIQUITIN5 (Garg et al., 2010) for each sample, and fold change was calculated using the 2 ÀDDCT method.
Coexpression network analysis for construction of modules
For coexpression network analysis, the WGCNA (Zhang and Horvath, 2005; Langfelder and Horvath, 2008) package was used. Based on log 2 (1 + FPKM) values, a matrix of pairwise SCCs between all pairs of genes was generated and transformed into an adjacency matrix (a matrix of connection strengths) using the formula: connection strength (adjacency value) = |(1 + correlation)/ 2| b . Here, b represents soft threshold for the correlation matrix, which gives greater weight to strongest correlations while maintaining the gene-gene connectivity. A b value of 12 was selected based on the scale-free topology criterion described by Zhang and Horvath (2008) . The resulting adjacency matrix was converted to a topological overlap (TO) matrix via TOM similarity algorithm, and the genes were hierarchically clustered based on TO similarity. The dynamic tree-cutting algorithm was used to cut the hierarchal clustering dendrogram and modules were defined after decomposing/combining branches to reach a stable number of clusters (Langfelder and Horvath, 2008) . For each module, a summary profile (module eigengene, ME) was calculated via PCA. Further, the modules with a higher TO value (average TO for all the genes in a given module) than the TO values of modules comprised of randomly selected genes were retained. GO enrichment analysis of each module was performed using Cytoscape as described above.
Identification of stage-specific modules and preservation across the cultivars
To determine the association of module with stage-specific expression for each cultivar, we determined the correlation between each ME with the binary indicator (tissue/stage = 1 and all other samples = 0) as described (Downs et al., 2013) . A positive correlation indicated that genes in a module have higher/preferential expression in a particular stage relative to all other samples. Further, we followed a cross-tabulation approach to make a contingency table that reports the number of genes that fall into modules of Himchana 1 versus modules of JGK 3. We used Z-summary to assess the preservation of modules of Himchana 1 and JGK 3 in each other.
Prediction of transcriptional modules
We followed the approach described by Belmonte et al. (2013) for prediction of transcription modules with some modifications. Firstly, we analyzed 1-kb upstream sequences of all the genes in each module/gene set and identified significantly enriched DNA sequence motifs via HOMER (v4.8.3). Further, their association/ binding with the TFs included in the same module/gene set was analyzed via STAMP using AGRIS database. These data along with enriched GO terms for each module were used to generate transcriptional modules via software package ChipEnrich (Orlando et al., 2009 ).
Identification of SNPs
The 2-kb upstream (promoter) sequences of the selected genes were retrieved from the chickpea genome sequence, and multiple primer (both forward and reverse) combinations were designed. The upstream regions were PCR amplified after optimization using genomic DNA of four small-seeded (Himchana 1, JG 62, ICC 1882 and ICC 4567) and six large-seeded (JGK 3, PG 0515, ICC 8261, LBeG7, ICC 4958 and SBD 377) chickpea cultivars. The amplified PCR products were sequenced using Sanger sequencing platform. The high-quality sequences of each region from the 10 cultivars were aligned and SNPs were detected.
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